Introduction
Cells respond to heat shock and other environmental stresses by expressing inducible heat shock proteins (Hsp), the major of which is designated in human cells as Hsp72. In unstressed cells Hsp72 is expressed at very low levels, and stress-elevated levels of Hsp72 are not sustained upon cessation of a stress but the protein is removed either by degradation (Amici et al., 1993) or aggregation into granules leading to irreversible inactivation (Feder et al., 1992) . Hsp72 is capable of protecting cells from a variety of stresses (Georgopoulos and Welch, 1993) . So what is wrong if elevated levels of Hsp72 were sustained?
Increased levels of Hsp72 are observed in the majority of tumor cells (Li et al., 1995) . Moreover, in some cases, such as, for example, axillary lymph nodenegative breast cancer, level of Hsp72 serves as a positive prognostic marker and, in some patients, the only independent predictor of disease recurrence (Ciocca et al., 1993) . In another example, constitutive expression of Hsp72 in T lymphocytes of transgenic mice coincides with a greatly increased incidence of generalized malignant lymphoma (Seo et al., 1996) . It is commonly assumed that in tumor cells the elevation of Hsp72 levels is the consequence of oncogenic transformation. However, these data may also be interpreted as an indication that constitutively expressed Hsp72 can be a cause of oncogenic transformation rather than its consequence. Indeed, the existence of cellular mechanisms which prevent sustained accumulation of Hsp72 in normal physiological circumstances suggests that this protein may have a deleterious eect. We addressed this possibility directly, using immortalized Rat-1 cells either stably transfected with and constitutively expressing Hsp72 or infected with an adenovirus-based construct encoding Hsp72 under the control of a tetracycline-inhibitable transactivator. In this study we also employed Rat-1 cells stably transfected with and constitutively expressing a C-terminal peptide binding domain (C-terminal fragment, CTF) of Hsp72.
Results and discussion
Rat-1 ®broblasts are immortalized cells that exhibit strong contact inhibition, and, upon reaching the con¯uent state, form a¯at monolayer (Figure 1a) . However, the behavior in the con¯uent state of cells stably transfected with Hsp72 (Li et al., 1992) was dramatically dierent. They lost contact inhibition and, within a few days after reaching the con¯uent state, formed foci characteristic for oncogenically transformed cells (Figure 1b) . Moreover, they acquired the ability to grow in an anchorage-independent manner and formed colonies in soft agar which became detectable few days after plating and increased in size for at least 3 weeks (Figures 1c and 5b) . Furthermore, when these cells were injected subcutaneously into nude mice, pronounced tumors were formed ( Figure 1d ; Table 1 ).
In another approach, we forced the expression of Hsp72 in Rat-1 cells by using an adenovirus-based expression system under the control of a tetracyclineinhibitable transactivator (Mosser et al., 1997a) . Infection of Rat-1 cells (for details see Materials and methods section) with such adenovirus resulted in expression of Hsp72 in essentially all cells (as judged by proportion of cells expressing GFP, data not shown) in the absence but not in the presence of tetracycline (Figure 2 ). Normal contact inhibition was observed when infected cells were maintained in the presence of tetracycline (Figure 3a) . However in the absence of tetracycline they lost contact inhibition and, upon reaching con¯uency, formed foci within 10 days after the initial infection (Figure 3b ). Forced expression of Hsp72 in Rat-1 cells also led to the loss of the anchorage dependency and to the formation of colonies in soft agar whereas no colonies were formed by virus-infected cells in the presence of tetracycline (Figures 3c and 5c ). To test whether the Hsp72-induced transformed phenotype is reversible, the following experiments were carried out. Rat-1 cells were infected according to our standard protocol (initial infection on day 1 followed by subsequent addition of virus on days 4 and 7). On day 10 (by this time foci already appeared) cells were replated at low density (approximately 3% of con¯uency) and reinfected in the presence or in the absence of tetracycline. In the absence of tetracycline high levels of Hsp72 shown in Figure 2 were sustained, and cells formed foci upon reaching a con¯uent state. By contrast, in the presence of tetracycline Hsp72 dropped to its basal level within 3 days, and cells formed a¯at monolayer (not shown). To test for agar colony forming potential, reinfected cells were maintained for 3 days in liquid medium in the presence or in the absence of tetracycline in order to allow the reduction of Hsp72 levels in cultures containing tetracycline, and then plated in soft agar in the presence or in the absence of tetracycline. Whereas cells formed colonies in the absence of tetracycline, no colonies were observed in the presence of tetracycline. Therefore, we conclude that upon return of Hsp72 to its normal level, contact inhibition is restored and cells lose the potential to form colonies in soft agar.
Hsp72 contains two active domains ± a C-terminal peptide binding domain (C-terminal fragment, CTF) which is capable of binding unfolded polypeptides, and an ATPase domain which is necessary for the release of bound polypeptides. CTF alone was shown to be sucient for protection of cells from stresses (Li et al., 1992; Volloch et al., ms. in preparation) . Does it retain the transforming ability of Hsp72 as well? Rat-1 cells stably transfected with CTF (MVHDBg) exhibited loss of contact inhibition exempli®ed by the formation of foci upon reaching con¯uency ( Figure 4a) ; they also exhibited an anchorage-independent growth as could be readily seen 12 days after plating in soft agar ( Figure 5 ). It should be noted that upon longer incubation in agar (for 3 weeks) it became apparent that colonies formed by MVHDBg cells were signi®cantly larger than those formed by Rat-1 cell constitutively expressing Hsp72 (Figure 4b as compared to Figure 1c ; both pictures were taken at the same magni®cation. No comparison could be made at 3 weeks with colonies formed by cells expressing Hsp72 from an adenoviral construct since due to the cessation of Hsp72 expression at about 2 weeks after infection colonies stop growing at this time). Furthermore, when injected into nude mice, CTF-expressing cells caused tumor formation (Figure 4c ) which also appeared to occur even faster and more aggressively than when full length Hsp72-expressing cells were used (Table 1) . These results indicate that the transforming ability of Hsp72 is retained by its peptide binding domain and does not require an ATPase activity.
Data described above demonstrate that when elevated levels of Hsp72 are sustained cells undergo oncogenic transformation. This ®nding may explain the existence of cellular mechanisms that, despite bene®cial properties of Hsp72, preclude stable accumulation of this protein. They may also explain why aged mammalian cells have greatly diminished ability to express Hsp72 in response to stresses (Heydari et al., 1994) . Indeed, aged cells amass substantial levels of abnormal proteins (Rattan, 1996) , a natural trigger of Hsp72 expression. Consequently, if aged cells were capable of expressing Hsp72, this normally inducible protein would be constitutively produced and thus occur in cells at elevated levels potentially increasing the cancer incidence.
It should be made clear that the results described above were obtained using an immortalized cell line. Such a cell has already undergone events on the path towards full transformation. The transforming ability of Hsp72 may not be observed in normal cells with a limited life span which would suggest that in this respect it is a rather typical oncogene. In fact, when Hsp72 was expressed from adenoviral construct in primary human ®broblasts IMR90, no change in phenotype was observed (not shown).
What is the mechanism of Hsp72-mediated transformation? Currently, we know of two levels of involvement of Hsp72 in cellular functions: as a molecular chaperone, facilitating proper folding of newly synthesized polypeptides and the refolding or degradation of abnormal and damaged proteins (Georgopoulos and Welch, 1993) , and as a moderator of stress kinases activities (Gabai et al., 1997; Mosser et al., 1997a) and of signaling pathways in general (Pratt, 1997) , acting, for example, through activation of JNK phosphatase (Volloch et al., ms. in preparation) . Which, if any, of its known properties confers on Hsp72 its transforming ability remains to be determined. (Li et al., 1992) . MV6, MVH and MVHDBg cells Rat-1 cells were maintained in DME medium supplemented with 10% fetal bovine serum and 200 mg/ ml gentamycin, while the parental Rat-1 cells were maintained in the same medium but without gentamycin. Plating of cells in soft agar was carried out as described in Clark et al. (1995) .
Materials and methods

Cells
Adenovirus-based expression of Hsp72
Recombinant adenovirus vector expressing Hsp72 (ADTR5Hsp72-GFP, courtesy of Dr Mosser, Biotechnology Research Intsitiute, Montreal) was constructed by cloning a dicistronic transcription unit encoding Hsp72 and Aequorea Victoria greeen¯uorescent protein gene, separated by the encephalomyocarditis virus internal ribosome entry site from pTR-DC/HSP70-GFP (Mosser et al., 1997a,b) , into an adenovirus transfer vector. Expression of this transcription unit is controlled by the tetracycline-regulated transactivator protein tTA (Mosser et al., 1997b) which we expressed from a separate recombinant adenovirus. Recombinant adenoviruses were generated by standard techniques as detailed by Jani et al. (1997) . Viruses were used at stock concentration of 10 10 p.f.u./ml. Infection of cells with both viruses simultaneously led to expression of Hsp72 in the absence of tetracycline but not in the presence of 20 nM of anhydrotetracycline. Two-ml cell cultures grown in liquid medium in 35 mm dishes were infected in the presence or the absence of anhydrotetracycline with 3610 7 p.f.u. of each virus, sucient for infection of almost 100% cells, and additional 10 7 p.f.u. of each virus was added on days 3 and 7. After 24 h incubation with viruses, cells were washed with PBS and placed in fresh media with or without anhydrotetracycline. For growth in soft agar, cells were infected in liquid medium 24 h prior to plating in soft agar.
Detection of Hsp72 and CTF
Cells were lysed in a buer containing 20 mm Tris-HCl, pH 7.4, 50 mm NaCl, 2 mm EDTA, 1% Triton X-100, 25 mm b-glycerophosphate, 10 mm NaF, 1 mm Na 3 VO 4 and protease inhibitors (1 mm PMSF and 25 mg/ml each of aprotenin, pepstatin, leupeptin), and aliquots were subjected to SDS ± PAGE followed by transfer to a nitrocellulose membrane. This membrane was later used for immunoblot with SPA810 antibody speci®c for Hsp72 or with SPA820 antibody which recognizes CTF (and Hsc73).
In vivo assay for tumorogenicity
Cells were collected by centrifugation, washed twice in PBS, and 1610 5 or 1610 6 cells (speci®ed in ®gure legends) were injected subcutaneously in 0.1 ml PBS into nude mice which were observed daily.
